Introduction {#S0001}
============

Pancreatic cancer ranks the fifth most common cancer and the second leading cause of cancer-associated deaths around the world.[@CIT0001] Pancreatic ductal adenocarcinoma (PDAC), the most common subtype of pancreatic cancer, accounts for approximately 90% of all pancreatic cancer cases.[@CIT0002] Even though great research efforts have been devoted to the diagnosis and treatments in the last two decades, the clinical outcomes of patients with PDAC remain quite poor, with a 5-year survival rate of less than 7%.[@CIT0003] The poor prognosis of PDAC is mainly associated with the fact that PDACs are prone to local infiltration, metastasis, and recurrence even after surgical resection.[@CIT0004],[@CIT0005] In recent years, remarkable development has been made in understanding the mechanisms underlying the malignant behaviors of PDAC, but the detailed pathogenesis is still largely unknown and needs further research.[@CIT0006] Therefore, exploration of the mechanisms implicated in the regulation of PDAC initiation and progression is urgently needed for the identification of effective methods for the treatment of patients with this fatal disease.

MicroRNAs (miRNAs) are a group of endogenous noncoding short RNA molecules with a length of 18--22 nucleotides.[@CIT0007] They negatively regulate gene expression by directly binding to the 3′-untranslated region (3′-UTR) of their target mRNAs in a sequence-specific manner.[@CIT0008] This binding event causes mRNA degradation and/or translational suppression, thereby reducing protein expression.[@CIT0009] It is well documented that miRNAs are aberrantly expressed and participate in the pathogenesis of various human disorders, including cancer.[@CIT0010]--[@CIT0012] The dysregulation of miRNAs has been detected in nearly all human cancer types, and may play either tumor-suppressive or oncogenic roles, which mainly depend on the characteristics of their target genes.[@CIT0013]--[@CIT0015] Many miRNAs have previously been reported to be downregulated or upregulated in PDAC, and their deregulation is involved in the control of cancer-related biological behaviors, including cell proliferation, cell cycle distribution, apoptosis, metastasis, and resistance to radiotherapy and chemotherapy.[@CIT0016]--[@CIT0018] Thus, elucidating the detailed roles and associated mechanisms of action of deregulated miRNAs in PDAC will be particularly useful for the development of diagnostic biomarkers and therapeutic targets.

ETS1 belongs to the ETS family of transcription factors that share a unique DNA binding domain.[@CIT0019] It is a 54 kDa nuclear protein and implicated in the tumorigenesis and tumor development.[@CIT0020] ETS1 results a great deal of tumor behavior, including rell proliferation, cell cycle, apoptosis, angiogenesis, migration, invasion and epithelial-mesenchymal transition.[@CIT0021]--[@CIT0023] Previous studies have revealed that ETS1 could be directly targeted and negatively regulated by miRNAs in human cancers. For instance, miR-127 suppresses the malignant phenptype of prostate cancer through directly targeting ETS1 and inhibiting the PI3K/AKT/mTOR Pathway.[@CIT0024] MiR-139-5p directly targets ETS1 to restrict the aerobic Glycolysis, proliferation, metastasis of hepatocellular carcinoma.[@CIT0025] However, the cross-talk between ETS1 and miRNAs in PDAC is yet to be elucidated. MiR-769-5p (miR-769) has attracted our attention owing to its significant participation in the regulation of cancer biology of non--small cell lung cancer[@CIT0026] and melanoma.[@CIT0027] Nonetheless, the expression pattern, biological function, and the mechanisms of action of miR-769 in PDAC are yet to be fully elucidated. Hence, in our study, we aimed to detect miR-769 expression in PDAC tissues and cell lines and to determine the potential regulatory involvement of miR-769 in PDAC progression. In addition, the mechanisms of action of miR-769 in PDAC cells were explored. The discovery of the involvement of miR-769 in PDAC may provide novel insight into the molecular mechanisms and treatment of PDAC.

Materials and Methods {#S0002}
=====================

Tissue Collection {#S0002-S2001}
-----------------

PDAC tissues and matched adjacent normal pancreatic tissues were collected from 53 patients with PDAC who underwent surgical resection at the First Affiliated Hospital of Jiamusi University. None of the patients had been treated with chemotherapy or radiotherapy before surgical resection. All tissue samples were rapidly frozen in liquid nitrogen and then stored at --80°C. This study was approved by the Ethics Committee of the First Affiliated Hospital of Jiamusi University and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all the participants regarding the use of clinical samples for study purposes.

Cell Culture and Transfection {#S0002-S2002}
-----------------------------

Normal human pancreatic cell line HPDE6c7 was bought from the American Type Culture Collection (Manassas, VA, USA). Four PDAC cell lines, Sw1990, Bxpc-3, Panc-1, and Aspc-1, were ordered from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All the cell lines were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% of fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin (all from Gibco, Thermo Scientific, Shanghai, China). The cells were routinely cultured at 37°C in an atmosphere containing 5% of CO~2~.

To restore miR-769 expression, the cells were seeded in 6-well plates at a density of 8 × 10^5^ cells/well and were transfected with miR-769 mimics (Shanghai GenePharma Co., Ltd., Shanghai, China). The miRNA mimics negative control (miR-NC) was also purchased from Shanghai GenePharma Co., Ltd., and served as an internal control for the miR-769 mimics. Small interfering RNA (siRNA) used to silence *ETS1* (si-ETS1) and si-NC were provided by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). An ETS1 overexpression plasmid lacking its 3′-UTR (pcDNA3.1-ETS1) and the empty pcDNA3.1 vector were chemically synthesized by the Chinese Academy of Sciences (Changchun, China). Plasmid pcDNA3.1-ETS1 was introduced into cells to upregulate endogenous ETS1 expression, with the empty pcDNA3.1 vector as an internal control. All transfection procedures were performed using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA) in accordance with the manufacturer's instructions.

Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) {#S0002-S2003}
----------------------------------------------------------------------

Total RNA was isolated from tissues or cells with the TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer's protocol. For analysis of miR-769 expression, total RNA was subjected to cDNA synthesis using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). After that, qPCR was carried out with the TaqMan MicroRNA PCR Kit (Applied Biosystems). To measure *ETS1* mRNA expression, cDNA was chemically synthesized from total RNA through reverse transcription with M-MLV reverse transcriptase (Promega Corporation, Madison, WI, USA). After that, the expression level of *ETS1* mRNA was assessed using the SYBR-Green Master Mix (Takara Biotechnology Co., Ltd., Dalian, China). Small nuclear RNA U6 and *GAPDH* served as controls for the normalization of miR-769 and *ETS1* mRNA, respectively. Relative gene expression was calculated by the 2^−ΔΔCq^ method.[@CIT0028]

Cell Counting Kit-8 (CCK-8) Assay {#S0002-S2004}
---------------------------------

Following 24 h of transfection, 3000 cells per well were seeded in 96-well culture plates and were maintained at 37°C in an atmosphere supplied with 5% of CO~2~ for different periods: 0, 24, 48, and 72 h after inoculation. Cellular proliferation was evaluated with the CCK-8 assay (Dojindo, Kumamoto, Japan). Briefly, 10 µL of the CCK-8 solution was added into each well followed by incubation at 37°C for additional 2 h. The optical density (OD) of each well was detected at a 450 nm wavelength on a spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Flow-Cytometric Analysis for Evaluation of Apoptosis {#S0002-S2005}
----------------------------------------------------

The detection of apoptosis was performed using the Annexin V-Fluorescein Isothiocyanate (FITC) Apoptosis Detection Kit (Biolegend, San Diego, CA, USA). The transfected cells were harvested after 48 h of incubation, rinsed thrice with ice-cold phosphate buffer and resuspended in 100 µL of binding buffer. Next, the cell suspension was stained with 5 µL of Annexin V-FITC and 5 µL of the propidium iodide solution that came with the kit. The percentage of apoptotic cells was determined by means of a flow cytometer (FACScan™; BD Biosciences, Franklin Lakes, NJ, USA) after 20 min incubation at room temperature in darkness.

Transwell Migration and Invasion Assays {#S0002-S2006}
---------------------------------------

For the invasion assay, 10^5^ transfected cells in 200 µL of FBS-free DMEM were plated into the top compartment of Transwell chambers precoated with Matrigel (both from BD Biosciences). The lower compartments were covered with 500 µL of DMEM containing 20% of FBS to act as a chemoattractant. After cultivation for 24 h, noninvading cells that remained on the upper side of the Transwell chamber were gently removed with a cotton swab. The invading cells were fixed with 100% methanol, stained with 0.1% crystal violet, and quantified. The invading cells in five randomly selected visual fields were counted under an inverted light microscope (Olympus Corporation, Tokyo, Japan). The Transwell migration assay was carried out in the same way as the invasion assay was, except that the chambers were not precoated with Matrigel.

Xenograft Animal Model {#S0002-S2007}
----------------------

The procedures of all animal experiments were approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Jiamusi University and were conducted following the Animal Protection Law of the People's Republic of China-2009. Female BALB/c nude mice were bought from the Animal Center of the Second Military Medical University (Shanghai, China). The miR-769 mimics--transfected or miR-NC--transfected Sw1990 cells were subcutaneously injection into the flank of nude mouse. At 2 weeks after the inoculation, the width and length of tumor xenografts were measured using vernier calipers. Tumor volumes were calculated via the following formula: Volume (mm^3^) = 0.5 × width^2^ (mm^2^) × length (mm). The measurement of tumor volume was performed every 2 days until 4 weeks after injection. All nude mice were euthanized to excise the tumor xenografts, and the tumor weight was measured.

Immunohistochemistry {#S0002-S2008}
--------------------

The fixation of tumor xenografts in 4% neutral formalin was conducted at room temperature for 24 h, after which was then embedded in paraffin. After the paraffin is cut into 4 μm sections, they were deparaffinized in xylene, rehydrated in a graded alcohol series and probed with boiling citrate buffer. In order to decrease the non-specific binding, the sections were probed with 5% bovine serum albumin (R&D Systems, Minneapolis, MN, USA) at 37 °C for 45 min. After 16 h incubation with Ki-67 antibody (sc-23900; Santa Cruz Biotechnology, Dallas, TX, USA) at 4 °C, the sections were further incubated with a horseradish peroxidase-conjugated secondary antibody at room temperature for 1 h. Thereafter, the sections were counterstained with 1% hematoxylin at room temperature for 5 min, followed by dehydration in a graded series of ethanol. Finally,the iamges were capatured under an light microscope.

Identification of miR-769 Target Genes {#S0002-S2009}
--------------------------------------

Bioinformatics tools, including TargetScan ([<http://www.targetscan.org/>]{.ul}), miRDB ([<http://mirdb.org/>]{.ul}), and miRanda ([<http://www.microrna.org>]{.ul}), were utilized to search for the potential target genes of miR-769.

Luciferase Reporter Assay {#S0002-S2010}
-------------------------

The wild-type (wt) 3′-UTR fragment of *ETS1* containing the predicted miR-769--binding sequences and the mutant 3′-UTR fragment were chemically synthesized by Shanghai GenePharma Co., Ltd., and cloned into the pmirGLO dual-luciferase miRNA target expression vector (Promega) to generate the pmirGLO-ETS1-3ʹ-UTR wt and pmirGLO-ETS1-3ʹ-UTR mut, respectively. For the reporter assay, cells were seeded in 24-well plates at a density of 5 × 10^5^ cells per well and were cotransfected with either the miR-769 mimics or miR-NC and either pmirGLO-ETS1-3ʹ-UTR wt or pmirGLO-ETS1-3ʹ-UTR mut by means of Lipofectamine 2000. Luciferase activity was measured 48 h after transfection using a Dual-Luciferase Reporter Assay System (Promega) as per the manufacturer's protocol. The activity of firefly luciferase was normalized to that of *Renilla* luciferase.

Western Blot Analysis {#S0002-S2011}
---------------------

The extraction of total protein from cultured cells was performed with RIPA lysis buffer (Solarbio, Beijing, China). The concentration of total protein was measured with the BCA Protein Assay Kit (Beyotime, Shanghai, China). The equivalent amounts of total protein were separated by SDS polyacrylamide gel electrophoresis in a 10% gel and transferred to polyvinylidene difluoride membranes, which were then blocked at room temperature for 2 h in 5% fat-free milk diluted in Tris-buffered saline with 0.1% of Tween 20 (TBST). After overnight incubation at 4°C with primary antibodies in TBST, the membranes were washed with TBST thrice and then incubated with a horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (sc-516102; 1:5000 dilution; Santa Cruz Biotechnology, Dallas, TX, USA) at room temperature for 2 h. The detection of protein signals was carried out by means of an Enhanced Chemiluminescence Detection System (Pierce, Rockford, IL, USA). The primary antibodies used in this study included a mouse anti-human ETS1 monoclonal antibody (sc-55581; 1:1000 dilution; Santa Cruz Biotechnology), and a mouse anti-human GAPDH antibody (sc-47724; 1:1000 dilution; Santa Cruz Biotechnology). GAPDH served as a loading control.

Statistical Analysis {#S0002-S2012}
--------------------

All data are presented as mean ± standard deviation. Statistical analysis was performed in the SPSS software, version 16.0 (SPSS, Chicago, IL, USA). The differences between groups were evaluated by Student's *t*-test or one-way analysis of variance followed by the Student--Newman--Keuls post hoc test. Survival analysis was conducted by the Kaplan--Meier method and logrank test. The chi-square test was carried out for analysis of the possible correlation between miR-769 expression and clinical parameters among the patients with PDAC. The association between miR-769 and *ETS1* mRNA levels was assessed by Spearman correlation analysis. Data with P\<0.05 were considered statistically significant.

Results {#S0003}
=======

miR-769 Expression Levels are Reduced in PDAC Tissues and Cell Lines {#S0003-S2001}
--------------------------------------------------------------------

To uncover the expression pattern of miR-769 in PDAC, we first analyzed miR-769 expression in 53 pairs of PDAC tissue samples and matched adjacent normal pancreatic tissue samples by RT-qPCR. The expression of miR-769 was lower in PDAC tissue samples than in adjacent normal pancreatic tissues ([Figure 1A](#F0001){ref-type="fig"}, P\<0.05). Additionally, miR-769 expression was measured in four PDAC cell lines (Sw1990, Bxpc-3, Panc-1, and Aspc-1) and a normal human pancreatic cell line, HPDE6c7. The results obtained in the RT-qPCR analysis indicated that miR-769 was downregulated in all four tested PDAC cell lines compared with HPDE6c7 cells ([Figure 1B](#F0001){ref-type="fig"}, P\<0.05).Figure 1MiR-769 is downregulated in PDAC tissues and cell lines. (**A**) The expression level of miR-769 in 53 pairs of PDAC tissue samples and matched adjacent normal pancreatic tissues was analyzed by RT-qPCR. \*P\<0.05 vs adjacent normal pancreatic tissues. (**B**) RT-qPCR was performed to measure miR-769 expression in four PDAC cell lines (Sw1990, Bxpc-3, Panc-1, and Aspc-1) and a normal human pancreatic cell line, HPDE6c7. \*P\<0.05 vs group HPDE6c7. (**C**) Kaplan--Meier curves for overall survival among the patients with PDAC harboring low (n=27) and high (n=26) miR-769 expression. P=0.010.

We then determined the clinical value of the decreased miR-769 expression in patients with PDAC. According to the median value of miR-769 expression among PDAC tissue samples, all patients were classified into two subtypes: the low miR-769 expression group (n = 27) and high miR-769 expression group (n = 26). Analysis of correlation between miR-769 expression and clinical parameters revealed that the reduced miR-769 expression notably correlated with the TNM stage (P=0.027) and lymph node metastasis (P=0.011; [Table 1](#T0001){ref-type="table"}). Furthermore, Kaplan--Meier survival analysis indicated that overall survival of the patients with PDAC harboring low miR-769 expression was obviously shorter than that of patients with high miR-769 expression ([Figure 1C](#F0001){ref-type="fig"}, P=0.010). These results suggested that reduced miR-769 levels may be closely related to the progression of PDAC.Table 1The Correlation Between miR-769 Expression and Clinical Parameters Among Patients with PDACParametersmiR-769 ExpressionPLowHigh**Age (years)**0.586 \<551411 ≥551315**Gender**0.773 Male1917 Female89**Tumor size (cm)**0.398 \<4128 ≥41518**Differentiation**0.782 Well and moderately1715 Poor1011**Location**0.467 Head of pancreas2421 Body and tail of pancreas35**TNM stage**0.028\* I-II1623 III-IV113**Lymph node metastasis**0.011\* Negative1825 Positive91[^1]

miR-769 Upregulation Inhibits the Growth and Metastasis of PDAC Cells in vitro {#S0003-S2002}
------------------------------------------------------------------------------

The expression of miR-769 was relatively lower in Sw1990 and Panc-1 cell lines than in Bxpc-3 and Aspc-1 cell lines. Therefore, the two cell lines were selected for further experiments. To investigate the potential biological role of miR-769 in PDAC, Sw1990 and Panc-1 cell lines were transfected with the miR-769 mimics or miR-NC. As a result, miR-769 was effectively overexpressed in Sw1990 and Panc-1 cells after transfection with the miR-769 mimics ([Figure 2A](#F0002){ref-type="fig"}, P\<0.05). The CCK-8 assay and flow cytometry were performed to determine the role of miR-769 upregulation in PDAC cell proliferation and apoptosis in vitro. It was observed that Sw1990 and Panc-1 cells transfected with the miR-769 mimics showed reduced proliferation ([Figure 2B](#F0002){ref-type="fig"}, P\<0.05) and increased apoptosis ([Figure 2C](#F0002){ref-type="fig"}, P\<0.05) as compared with the cells transfected with miR-NC. Next, to evaluate the effect of miR-769 on the metastasis of PDAC cells, Transwell migration and invasion assays were conducted on Sw1990 and Panc-1 cells after miR-769 mimics or miR-NC transfection. The results revealed that exogenous miR-769 expression significantly decreased the migratory ([Figure 2D](#F0002){ref-type="fig"}, P\<0.05) and invasive ([Figure 2E](#F0002){ref-type="fig"}, P\<0.05) abilities of Sw1990 and Panc-1 cells. Altogether, these results implied that miR-769 may play a tumor-suppressive part in the progression of PDAC by inhibiting cell growth and metastasis in vitro.Figure 2The regulatory effects of miR-769 overexpression in the proliferation, apoptosis, migration, and invasiveness of PDAC cells. (**A**) Sw1990 and Panc-1 cells were transected with the miR-769 mimics or miR-NC. After that, the expression level of miR-769 was assessed by RT-qPCR. \*P\<0.05 vs the miR-NC group. (**B, C**) Changes in the proliferation and apoptosis of Sw1990 and Panc-1 cells following transfection with the miR-769 mimics or miR-NC were evaluated by the CCK-8 assay and flow cytometry, respectively. \*P\<0.05 vs group miR-NC. (**D, E**) Transwell migration and invasion assays were conducted to determine the migratory and invasive abilities of Sw1990 and Panc-1 cells upon miR-769 upregulation. \*P\<0.05 vs the miR-NC group.

miR-769 Directly Binds to the 3′-UTR of ETS1 mRNA and Inhibits ETS1 Expression in PDAC Cells {#S0003-S2003}
--------------------------------------------------------------------------------------------

To elucidate the molecular mechanism by which miR-769 attenuated the aggressiveness of PDAC cells, bioinformatics analysis was performed to predict the potential target of miR-769. The 3′-UTR of *ETS1* contains a putative binding site for miR-769 ([Figure 3A](#F0003){ref-type="fig"}) and was chosen for verification because this gene has previously been implicated in the malignant progression of PDAC.[@CIT0029]--[@CIT0033] To test whether miR-769 can directly bind to the 3′-UTR of *ETS1* mRNA, the luciferase reporter assay was performed on Sw1990 and Panc-1 cells that were cotransfected with either the miR-769 mimics or miR-NC and either pmirGLO-ETS1-3ʹ-UTR wt or pmirGLO-ETS1-3ʹ-UTR mut. The results revealed that, compared with the miR-NC group, upregulation of miR-769 obviously decreased the luciferase activity of the plasmid carrying the wild-type miR-769--binding site in the 3′-UTR of *ETS1* (P\<0.05). By contrast, the suppressive effects were abrogated in Sw1990 and Panc-1 cells transfected with a reporter plasmid containing the mutant miR-769--binding site ([Figure 3B](#F0003){ref-type="fig"}). Next, we assessed the regulatory influence of miR-769 on endogenous ETS1 expression in PDAC cells. As predicted, forced miR-769 expression decreased ETS1 expression at both mRNA ([Figure 3C](#F0003){ref-type="fig"}, P\<0.05) and protein levels ([Figure 3D](#F0003){ref-type="fig"}, P\<0.05) in Sw1990 and Panc-1 cells. Overall, these results meant that *ETS1* is a direct target gene of miR-769 in PDAC cells. This finding was consistent with our hypothesis.Figure 3*ETS1* mRNA is a direct target of miR-769 in PDAC cells. (**A**) Predicted wild-type and mutant miR-769--binding sites in the 3′-UTR of *ETS1* mRNA. (**B**) Luciferase activity was analyzed in Sw1990 and Panc-1 cells that were cotransfected with either the miR-769 mimics or miR-NC and either pmirGLO-ETS1-3ʹ-UTR wt or pmirGLO-ETS1-3ʹ-UTR mut. \*P\<0.05 vs group miR-NC. (**C, D**) The miR-769 mimics or miR-NC was introduced into Sw1990 and Panc-1 cells. RT-qPCR and Western blot analysis were employed to quantify *ETS1* mRNA and protein levels. \*P\<0.05 vs the miR-NC group.

miR-769 Inversely Correlates with ETS1 Levels in PDAC Tissues {#S0003-S2004}
-------------------------------------------------------------

*ETS1* was validated as a direct target gene of miR-769 in PDAC cells; hence, we then attempted to further evaluate the relation between miR-769 and ETS1 in PDAC tissues. First, RT-qPCR was performed to determine *ETS1* mRNA levels in 53 pairs of PDAC tissue samples and matched adjacent normal pancreatic tissues. The expression of *ETS1* mRNA was noticeably higher in PDAC tissue samples than in normal pancreatic tissue samples ([Figure 4A](#F0004){ref-type="fig"}, P\<0.05). In addition, an inverse association was noted between miR-769 and *ETS1* mRNA levels among PDAC tissue samples ([Figure 4B](#F0004){ref-type="fig"}; R^2^ = 0.3133, P\<0.0001). Furthermore, the mRNA ([Figure 4C](#F0004){ref-type="fig"}, P\<0.05) and protein levels ([Figure 4D](#F0004){ref-type="fig"}, P\<0.05) of ETS1 were obviously lower in the high miR-769 expression group than in the low miR-769 expression group. These results indicated that the upregulation of ETS1 in PDAC tissue samples, at least partly, was caused by miR-769 underexpression.Figure 4ETS1 is upregulated in PDAC tissue samples and inversely correlates with miR-769 expression. (**A**) *ETS1* mRNA levels in 53 pairs of PDAC tissue samples and matched adjacent normal pancreatic tissue samples were analyzed using RT-qPCR. \*P\<0.05 vs adjacent normal pancreatic tissues. (**B**) An inverse association between the expression levels of miR-769 and *ETS1* mRNA among the PDAC tissue samples was identified through Spearman correlation analysis (R^2^ = 0.3133, P\<0.0001). (**C, D**) The mRNA and protein levels of ETS1 were compared between two groups: the low miR-769 expression group and high miR-769 expression group. \*P\<0.05 vs the low miR-769 expression group.

Silencing of ETS1 Expression Simulates the Tumor-Suppressive Effects of miR-769 Overexpression on PDAC Cells {#S0003-S2005}
------------------------------------------------------------------------------------------------------------

Having identified ETS1 as a direct target of miR-769, next, we illustrated the involvement of ETS1 in the malignant phenotype of PDAC in detail. Loss-of-function assays were performed via introduction of si-ETS1 into Sw1990 and Panc-1 cells. Transfection of si-ETS1 efficiently knocked down ETS1 expression in Sw1990 and Panc-1 cells, as evidenced by Western blotting ([Figure 5A](#F0005){ref-type="fig"}, P\<0.05). Then, functional experiments indicated that ETS1 knockdown in the Sw1990 and Panc-1 cells reduced their proliferation ([Figure 5B](#F0005){ref-type="fig"}, P\<0.05) and promoted their apoptosis ([Figure 5C](#F0005){ref-type="fig"}, P\<0.05) in vitro. Moreover, the migration ([Figure 5D](#F0005){ref-type="fig"}, P\<0.05) and invasiveness ([Figure 5E](#F0005){ref-type="fig"}, P\<0.05) of Sw1990 and Panc-1 cells were markedly impaired after the ETS1 knockdown. Therefore, these observations confirmed that ETS1 downregulation mediated the effects of miR-769 in PDAC cells.Figure 5ETS1 silencing inhibits the growth and metastasis of PDAC cells in vitro. (**A**) Sw1990 and Panc-1 cells were transfected with either si-ETS1 or si-NC. The efficient silencing of ETS1 expression was confirmed via Western blotting. \*P\<0.05 vs group si-NC. (**B**--**E**) Proliferation, apoptosis, migration, and invasiveness of Sw1990 and Panc-1 cells following transfection with si-ETS1 or si-NC were assessed by the CCK-8 assay, flow cytometry, and Transwell migration and invasion assays, respectively. \*P\<0.05 vs the si-NC group.

Overexpression of ETS1 Attenuates the Anticancer Effects of miR-769 on PDAC Cells {#S0003-S2006}
---------------------------------------------------------------------------------

A series of rescue experiments was carried out to verify whether the tumor-suppressive activity of miR-769 in PDAC cells is mediated by the repression of *ETS1*. Sw1990 and Panc-1 cells were cotransfected with the miR-769 mimics and either ETS1-overexpressing plasmid pcDNA3.1-ETS1 or empty vector pcDNA3.1. Western blot analysis proved that the ETS1 protein level recovered in Sw1990 and Panc-1 cells cotransfected with the miR-769 mimics and pcDNA3.1-ETS1 relative to that in the cells cotransfected with the miR-769 mimics and empty pcDNA3.1 ([Figure 6A](#F0006){ref-type="fig"}, P\<0.05). In functional analysis, reintroduction of ETS1 expression partially reversed the influence of miR-769 on Sw1990 and Panc-1 cell proliferation ([Figure 6B](#F0006){ref-type="fig"}, P\<0.05), apoptosis ([Figure 6C](#F0006){ref-type="fig"}, P\<0.05), migration ([Figure 6D](#F0006){ref-type="fig"}, P\<0.05), and invasion ([Figure 6E](#F0006){ref-type="fig"}, P\<0.05). Accordingly, these results clearly indicated that the inhibitory actions of miR-769 on PDAC cell growth and metastasis at least in part were mediated by direct inhibition of ETS1 expression.Figure 6ETS1 reintroduction attenuates the effects of miR-769 overexpression in PDAC cells. Sw1990 and Panc-1 cells were cotransfected with the miR-769 mimics and either pcDNA3.1-ETS1 or pcDNA3.1 and were subjected to the following functional analyses. (**A**) Western blot analysis was applied to quantitate ETS1 protein levels in the aforementioned cells. \*P\<0.05 vs group miR-NC. ^\#^P\<0.05 vs the miR-769 mimics+pcDNA3.1 group. (**B**--**E**) The transfected cells were subjected to the CCK-8 assay, flow-cytometric analysis and Transwell migration and invasion assays, respectively, for the determination of cell proliferation, apoptosis, migration, and invasion. \*P\<0.05 vs the miR-NC group. ^\#^P\<0.05 vs group miR-769 mimics+pcDNA3.1.

miR-769 Overexpression Hinders PDAC Tumor Growth in vivo {#S0003-S2007}
--------------------------------------------------------

To examine the impact of miR-769 on tumor growth in vivo, Sw1990 cells transfected with the miR-769 mimics or miR-NC were subcutaneously inoculated into the flank of nude mice to establish the xenograft model. The nude mice injected with miR-769--overexpressing Sw1990 cells developed obviously smaller tumor xenografts than did the miR-NC group ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}, P\<0.05). In addition, the tumor weight was significantly lower in the miR-769 mimics group than in the miR-NC group ([Figure 7C](#F0007){ref-type="fig"}, P\<0.05). Furthermore, the successful overexpression of miR-769 ([Figure 7D](#F0007){ref-type="fig"}, P\<0.05) and downregulation of *ETS1* mRNA ([Figure 7E](#F0007){ref-type="fig"}, P\<0.05) and protein levels ([Figure 7F](#F0007){ref-type="fig"}, P\<0.05) were validated in the tumor xenografts derived from the miR-769 mimics group. Then, immunohistochemistry results indicated that tumor xenograft overexpressing miR-769 displayed lower Ki-67 expression compared with that in miR-NC group ([Figure 7G](#F0007){ref-type="fig"}). All these results suggested that miR-769 overexpression decreased PDAC growth in vivo by reducing ETS1 expression.Figure 7MiR-769 upregulation inhibits the tumor growth of PDAC cells in vivo. (**A**) Sw1990 cells were transfected with either the miR-769 mimics or miR-NC. The transfected cells were collected and subcutaneously injected into the flanks of nude mice. The tumor volumes were determined from day 14 to day 28. \*P\<0.05 vs the miR-NC group. (**B**) A representative image of the tumors at the end of the experiment. (**C**) The weight of tumor xenografts isolated from the mice was measured at the end of the experiment. \*P\<0.05 vs the miR-NC group. (D) The expression of miR-769 in the isolated tumor xenografts was analyzed via RT-qPCR. \*P\<0.05 vs group miR-NC. (**E, F**) RT-qPCR and Western blotting were conducted to determine ETS1 mRNA and protein levels in the tumor xenografts. \*P\<0.05 vs the miR-NC group. (**G**) Immunohistochemistry analysis of the Ki-67 in tumor xenografts.

Discussion {#S0004}
==========

Many miRNAs have been reported to be deregulated in PDAC, and the deregulation of miRNAs has been implicated in the carcinogenesis and progression of PDAC.[@CIT0034]--[@CIT0036] Therefore, better knowledge about miRNAs in PDAC may improve our understanding of the PDAC pathogenesis and facilitate the identification of valuable therapeutic targets in this aggressive disease. Nevertheless, the detailed roles of specific miRNAs in PDAC still remain largely undefined. Here, for the first time, we attempted to measure miR-769 expression in PDAC and to determine the biological functions of miR-769 in the progression of PDAC. Moreover, the mechanisms underlying the actions of miR-769 in PDAC cells were explored.

MiR-769 is downregulated in non--small cell lung cancer, and this downregulation is significantly associated with the clinical stage and lymph node metastasis.[@CIT0026] Patients with non--small cell lung cancer harboring low miR-769 levels show poorer clinical outcomes than do patients with high miR-769 levels.[@CIT0026] In contrast, miR-769 is upregulated in melanoma.[@CIT0027] These conflicting findings indicate that the human miR-769 expression pattern is cancer-specific. However, the expression status of miR-769 in PDAC has been unknown. In our study, we measured its expression in PDAC tissue samples and cell lines by RT-qPCR. Our results indicate that miR-769 is downregulated in PDAC, and its downregulation is associated with TNM stage and lymph node metastasis. Furthermore, the overall survival of patients with PDAC harboring low miR-769 expression was obviously shorter than that of patients with high miR-769 expression. Hence, miR-769 might be an attractive diagnostic and/or prognostic biomarker of PDAC.

MiR-769 has a tumor suppressor activity in non--small cell lung cancer. MiR-769 directly targets *TGFBR1* mRNA to inhibit the growth and metastasis of non--small cell lung cancer cells both in vitro and in vivo.[@CIT0026] By contrast, miR-769 is identified as an oncogenic miRNA in melanoma. Upregulation of miR-769 promotes melanoma cell growth and colony formation in vitro by directly targeting *GSK3B* mRNA.[@CIT0027] However, whether miR-769 is involved in the regulation of PDAC progression has remained largely elusive. This study revealed that restoration of miR-769 expression works as a tumor suppressor in PDAC by inhibiting cell growth and metastasis in vitro and tumor growth in vivo. These findings suggest that miR-769 might be validated as a potential target for anticancer therapies against PDAC.

Identification of the direct target genes of miR-769 in PDAC is important for understanding the participation of miR-769 in the pathogenesis and progression of PDAC. Hence, a series of experiments was conducted to investigate the direct target genes of miR-769 in PDAC cells. ETS1, a member of the ETS family of transcription factors, was validated as a direct target of miR-769 in PDAC cells. ETS1 directly interacts with the specific DNA sequences containing the GGAA/T core motif and participates in cancer formation and progression. It is upregulated in various types of human cancer, such as colorectal cancer,[@CIT0037] breast cancer,[@CIT0038] gastric cancer,[@CIT0039] and laryngeal squamous cell carcinoma.[@CIT0040] Besides, ETS1 is overexpressed in PDAC, and the upregulation of ETS1 is related to tumor differentiation status.[@CIT0029] ETS1 plays crucial roles in the malignant progression of PDAC cells by regulating cell proliferation, metastasis, epithelial--mesenchymal transition, drug resistance, and angiogenesis.[@CIT0030]--[@CIT0033] In our current study, we demonstrated that miR-769 directly targets *ETS1* mRNA to inhibit the malignancy of PDAC cells in vitro and in vivo. Thus, miR-769--mediated inhibition of ETS1 might be a potential therapeutic strategy against PDAC, to be validated in the future.

There is a limitation of our study. In this study, we did not investigate the effect of miR-769 overexpression on the metastasis of PDAC cells in vivo. In our further investigations, miR-769 mimics and miR-NC-transfected PDAC cells will be injected into the tail vein of nude mice, and utilized for determining the capacity of PDAC cells to extravasate and grow at metastatic sites.

Conclusion {#S0005}
==========

This study revealed that miR-769 exerts tumor-suppressive actions in PDAC, at least partly by directly targeting *ETS1* mRNA. These results form a theoretical basis for the application of miR-769 to the treatment of PDAC.
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